The acute metabolic events linked to the evolution of selective axonal pathology in the white matter 
INTRODUCTION
shearing or impulsive forces, commonly resulting from automotive crashes in which the brain is rapidly rotated.
While the etiology of traumatic closed-head in-These loading conditions may induce disruption of white jury in humans is enormously varied, two major matter widely throughout the brain, resulting in diffuse categories have been established: focal and diffuse trau-axonal injury (DAI) . DAI is present in over half of all matic brain injury. Focal brain injuries, including cere-severely head-injured patients and in more than 80% of bral contusion and hematomas, are typically observed fol-the severe head injuries resulting from motor vehicle lowing blunt trauma, due to contact loading forces, crashes (Graham et al., 1993; Adams et al., 1989) . AI (Mittl et al., 1994) . Moreover, the precise pathophysiologic mechanisms leading to DAI remain to be established.
The paucity of investigative efforts aimed at determining the pathophysiology of diffuse white matter trauma in the brain may be linked, in part, to the difficulty in developing relevant experimental models. Although we and others have extensively used rodent models of impact brain injury to explore various aspects of axonal injury (Foda and Marmarou, 1994; Pierce et al., 1996; Dixon et al., 1991; Lewen et al., 1995; Vink, 1995, 1996) , it is important to note that rodents have very small lissencephalic brains with relatively sparse pure white matter domains. Due to these limitations, many of the mechanical loading conditions and pathologic features found in human diffuse brain injury cannot be reproduced in rodents. However, nonimpact rotational brain injury in the nonhuman primate has been shown to replicate all the salient characteristics of DAI (Gennarelli et al., 1982) . The success of this model has been attributed to the application of inertial loading conditions to the head of an animal with a relatively large gyrencephalic brain. Adapting the same injury apparatus as used for the nonhuman primate studies, we have recently developed a model of rotational acceleration brain injury in young adult miniature swine (Meaney et al., 1993; Smith et al., 1997) . This species and strain was chosen due to their large gyrencephalic brains (70-95 g) and low body weight (17-20 kg (Andersen and Marmarou, 1992; Berry et al., 1986; Inao et al., 1988; Mclntosh et al., 1987; Vink et al., 1987 Vink et al., , 1988 and widely distributed axonal injury in the rat Vink, 1995, 1996 (Meaney et al., 1993; Smith et al., 1997 
Proton MRS Evaluation
Solvent suppressed localized proton spectra were obtained at an echo delay of 20 msec (mixing time of 10.4 msec) using the STEAM sequence. A cubic region of the brain measuring approximately 1.5 X 1.5 X 1.5 cm was graphically selected from the MR image at the appropriate slice in the hemisphere opposite the ICP probe placement in the pertinent animals. These regions predominately encompassed white matter domains, but also included gray matter. The homogeneity of the static magnetic field was adjusted in two steps. First, the homogeneity was adjusted by an automatic shimming algorithm (linear shims only), which was applied to the entire axial slice. Second, this was followed by an automated shimming algorithm, which adjusted the homogeneity over the selected voxel. The width at half height of the water line after shimming was 3 to 4 Hz. Solvent suppression was achieved by the application of three chemically selective pulses (CHESS) followed by spoiler gradients. The suppression was optimized using an automated algorithm, which adjusted the amplitude of the third CHESS pulse. Localized spectra were acquired using a 2-sec repetition time, 1,000-Hz sweep width, 2,048 complex points, eight-step phase cycling, outer volume spatial saturation, and 256 averages. The spectra were processed using ProNMR (Softpulse Software, Guelph, Ontario, Canada 
RESULTS

Physiology and Behavior
Consistent with a previous report, immediately following trauma, only very subtle and transient increases in ICP and MAP were observed, resolving by 5-10 min postinjury . Regions affected included the deep white matter at the root of the gyri, the junction of white and gray matter in the frontal, parietal, and temporal lobes, margins of the lateral ventricles, external capsule, cerebral peduncles, and basal ganglia. In additional, pyknotic neurons were found in both hippocampi of all animals (Fig. 5) Andersen and Marmarou, 1992; Vink et al., 1987 Vink et al., , 1988 Inao et al., 1988; Vink, 1995, 1996) (Rango et al., 1990) . This evidence provides support that mechanical loading forces applied to the brain are by themselves sufficient to produce axonal damage.
Previously, contusion models of brain trauma have been shown to produce a fall in regional intracellular pH, a decrease in PCr/Pi, and an increase in lactate concentrations (Berry et al., 1986; Mclntosh et al., 1987; Vink et al., 1987; Andersen and Marmarou, 1992; Inao et al., 1988 ). In a model of selective axonal injury the rat (Foda and Marmarou, 1994) , no substantial pH changes were found following head impact, but PCr/Pi was altered Vink, 1995, 1996) . Therefore, there appear to be substantial differences in posttraumatic metabolic status between models of brain injury that produce different pathologies through different mechanical loading conditions. Taken together, the differences in metabolic response found by MRS examination between models of brain injury may have important clinical implications for both the diagnosis of the type of brain trauma and for the development of targeted therapeutic strategies. Smith and Mclntosh, 1996) . Previously, substantial decreases in [Mg2+] , and total tissue [Mg2+] have been characterized following parasagittal fluid-percussion brain injury in the rat that correlated with the severity of injury and following isolated traumatic axonal injury in the rat (Heath and Vink, 1995) . In addition, treatment with various pharmacologie agents, including NMDA receptor antagonists and magnesium, have been shown to improve behavioral outcome attenuate changes in PCr/Pi, and maintain magnesium homeostasis, both intracellularly and in total tissue following fluid-percussion brain injury in the rat Mclntosh et al., 1989 Mclntosh et al., , 1987 Mclntosh et al., , 1989 Mclntosh et al., , 1988 A surprising finding in this study was that both proton and phosphorous MRS proved useful for detecting changes following diffuse brain injury, even in cases where no abnormalities were found with conventional MRI. Therefore, in addition to potentially differentiating diffuse from focal brain injury, MRS techniques may also have enhanced sensitivity over standard MRI for detecting microscopic injury following diffuse brain injury. This observation may be of particular importance for the radiologie evaluation of brain-injured patients, since axonal pathology is thought to be severely underestimated using routine radiologie techniques (Mini et al., 1994) . To pursue this issue, we have recently found that proton MRS evaluation of brain-injured patients also revealed a decrease in the levels of NAA/Cr in regions that appear normal with conventional MRI (Cecil et al., 1998 
